Biosand filters (BSFs) are increasingly designed using smaller and/or lighter casing material in an effort to reduce logistical requirements and implementation costs. The increased portability of a smaller, lighter design presents a potential negative consequence: the ability to move the installed/ operational filter by the homeowner and potentially disturb the system. This study investigated the effects of moving and agitation on filter performance, using mature BSFs which had been in use for over nine months prior to the move. Data were analyzed for four replicate filters of three different filter types: the traditional concrete BSF and two plastic bucket (5-gal and 2-gal, respectively; 5-gal bucket ¼ 18.9-L bucket, 2-gal bucket ¼ 7.6-L bucket) BSFs. Filters were moved approximately 1 km and monitored for hydraulic loading rates (HLRs) and Escherichia coli removal for 8 weeks following the move. Moving the filters resulted in reduced HLRs, likely due to sand compaction, but E. coli removal remained high (log10 removal 2.8 for all sizes) and increased significantly as compared to data collected prior to the move. The resulting operational implications of moving BSFs are discussed.
This study investigated the effects of moving and agitation on filter performance. Following a nine-month contaminant removal study on 12 full-scale BSFs (four each of three different types: traditional concrete, 5-gal plastic bucket, and 2-gal plastic bucket; 5-gal bucket ¼ 18.9-L bucket, 2-gal bucket ¼ 7.6-L bucket), the filters were moved approximately 1 km to a new laboratory location. Although the moving distance was short, the size and weight of the filters required the use of handcarts and a moving truck. All efforts were made to minimize tilting and disruption of the filters, but some jostling could not be avoided. For 8 weeks following the move, the filters were monitored for hydraulic loading rates (HLRs) and Escherichia coli removal.
METHODS Experimental approach
Filter performance was monitored for an 8-week period following transport of the filters approximately 1 km to a new laboratory location. For all filters, the sand bed pore volume equaled the filter charge volume (and influent reservoir volume) and was 12 L for the concrete BSF, 3.6 L for the 5-gal bucket BSF, and 1.5 L for the 2-gal bucket BSF. Filters were flushed ten times after the move and prior to testing. Four E. coli challenge experiments were performed, and HLRs were monitored weekly to identify filters that required cleaning (HLRs were also recorded after each cleaning).
Results of the E. coli challenge experiments and the HLRs were compared to previous results obtained in a ninemonth study conducted on the same filters at the original laboratory location.
Bacterial growth and enumeration
Freeze-dried E. coli ATCC ® 11775™ (Manassas, VA) were propagated for 24 hr at 35 W C in Luria-Bertani (LB) broth (BD Diagnostic Systems, Sparks, MD). The E. coli concentration of the inoculated broth was estimated via optical density at 600 nm obtained by a DR-4000 spectrophotometer For instances when all filters yielded zero colonies, the detection limit (1 CFU/total volume analyzed) was used as the effluent concentration for the subsequent calculation of removal efficiency (i.e., log reduction).
Hydraulic loading rate
Peak flow rates were measured at maximum hydraulic head (directly after adding a full reservoir volume to the filter) using a graduated cylinder and stop watch. The pressure head was the same for each filter of the same type, i.e., 18, 6, and 4 cm for the concrete, 5-gal bucket, and 2-gal bucket filters, respectively. Filters were filled with the same charge volume each time, i.e., 12, 3.6, and 1.5 L for the concrete, 5-gal bucket, and 2-gal bucket filters, respectively. From the peak flow rate, the peak HLR, which normalizes the flow rate to the surface area of the sand in each filter, was calculated (Equation (1)). The surface area of the top of the fine sand layer for the concrete, 5-gal, and 2-gal filters was 0.059, 0.059, and 0.039 m 2 , respectively.
where HLR ¼ hydraulic loading rate (m 3 /(m 2 *hr)), Q ¼ flow 
RESULTS AND DISCUSSION
Prior to the move, the filters were filled three times per day for nine months, and the average post-cleaning HLRs dropped a total of 30.4, 22.8, and 18.0% over this time period for the concrete, 5-gal bucket, and 2-gal bucket filters, respectively ( Figure 2 ; Table 1 ). These results show that the initial HLR of a newly installed filter is not regained even after cleaning; cleaning was performed 11, 10, and nine times on the concrete, 5-gal bucket, and 2-gal bucket filters, respectively. It is reasonable to attribute the majority of this reduction in HLRs to the entrapment of particles within the pore spaces of the sand bed (i.e., filter clogging).
When a filter is installed, sand is added to standing water within the filter casing to prevent air binding and short-circuiting. During the first few runs of the filter (following installation), the flow of the water will induce sorting and some compaction of the sand particles. A 6-8% reduction in porosity was calculated from measuring the change in the height of the sand layer following the first three charges to the filter post-installation. On average, the porosity of the sand bed during installation was approximately 45% and decreased to approximately 41% after three charge volumes. The particle settling and subsequent porosity reduction led to an observed reduction of the HLRs.
Specifically, the filter HLRs reduced by 12-16% following the first three charge volumes (data not shown).
For 8 weeks following the move, HLRs were monitored multiple times per week and were observed to be substantially slower than they had been prior to the move. The post-move HLRs dictated cleaning filters almost every week; on average, cleaning was performed 6 out of the 8 weeks for the concrete and 2-gal bucket filters, and 7 out of the 8 weeks for the 5-gal bucket filters. As depicted in Figure 2 , the HLRs measured directly after cleaning following the move were significantly slower than those from the original location (p-value <0.0001 for all three sizes comparing original location vs. post-move). Specifically, the move induced another 24-35% reduction in the HLRs (Table 1) corresponding to a total 41-48% reduction from the initial HLR observed at the original installation location.
HLR reduction associated with filter transport is likely due to additional sand compaction and possibly some blocking of the outlet tube (some sand was visually observed in the outlet tubes during the deconstruction of the filters). Compaction of the sand bed will result in reduced porosity, reduced pore velocities, and increased frictional resistance which will reduce the HLR.
During the study period, the filters were subjected to four E. coli challenge experiments (four replicate filters sized BSF is critical to sustained use and water quality improvement. As the first charge volumes post-move were not tested, and since transport of the filter has the potential to release previously trapped particles, the importance of post-move flushing of the filter and potential impacts to
HLRs associated with filter transport should be incorporated into educational materials to set reasonable expectations among users and discourage behaviors which may reduce the value of the filters in the eyes of the intended beneficiaries.
Additional work is needed to evaluate the effluent turbidity and E. coli concentrations in the first charge volumes that follow filter transport and to identify the number of fills required to adequately flush the filter before quality water is produced. Future work is also warranted to evaluate post-move filter performance over a range of operational pause periods and to investigate the impact of a move on the ability of the BSF to remove other types of microorganisms, including protozoan parasites and viruses.
